In order to complete its life cycle, Trypanosoma cruzi, the protozoan ethiological agent of Chagas disease must invade mammalian cells, escape the parasitophorous vacuole and then transform into amastigotes in the cytoplasm in order to grow. In this process, trypomastigotes, the classical infective forms originated from the insect vector or infected cells, and also amastigotes, derived from the extracellular transformation of trypomastigotes or by the premature release from infected cells, may invade mammalian cells in vitro as well as in vivo (Behbehani 1973 , Pan 1978 , Hudson et al. 1984 , Ley et al. 1988 , Mortara 1991 .
Previous studies from our laboratory have shown that the parameters controlling the invasion of HeLa and Vero cells are highly dependent on the infective form as well as the target cell used (Procópio et al. 1998 ). However, both recently internalized extracellular amastigotes and metacyclic trypomastigotes could be found in compartments bearing the lysosomal marker LAMP-1 (Procópio et al. 1998) . It has been shown that Ca 2+ mobilization is involved in the signaling pathway leading to parasitophorous vacuole formation during trypomastigote invasion (Burleigh & Andrews 1995) . Moreover, the combined activities of hemolysin and transialidase, activated within the acidified trypomastigote parasitophorous vacuole, are believed to be crucial in providing the means for these forms to escape into the cytoplasm, that is facilitated in cells lacking proper sialylation of lysosomal glycoproteins (Andrews & Whitlow 1989 , Hall et al. 1992 . By contrast, little is known on the signals triggered during amastigote invasion, and the available data (Procópio et al. 1998) indicate that parasitophorous vacuole formation probably involves lysosomal recruitment. Furthermore, the mechanism by which amastigotes escape from this compartment seems to depend mostly on hemolysin (Ley et al. 1990) . In the present work we have: (i) studied the kinetics of parasitophorous vacuole formation and escape of both infective forms in Vero and HeLa cells; (ii) determined the hemolytic and transialidase activities of both parasite forms; (iii) examined the effect of host cell sialic acid on parasite invasion and escape, (iv) studied the effect of compounds that interfere with calcium mobilization on the initial invasion step.
We have found significant differences between extracellular amastigotes and metacyclic trypomastigotes in relation to several of the parameters studied here.
MATERIALS AND METHODS
Cells and parasites -Vero and HeLa cells obtained from Instituto Adolpho Lutz (São Paulo, SP, Brazil) were cultivated in RPMI 1640 medium (GIBCO BRL, Grand Island, NY, US) supplemented with 10% fetal calf serum (FCS/ CULTILAB, Campinas, SP, Brazil), penicillin (200 U/ ml; Sigma Chemical, St. Louis, MO, US); streptomycin (2.5 µg/ml, Sigma); gentamycin (44 µg/ml; Schering-Plough, São Paulo, SP, Brazil), NaHCO 3 (2 g/l), and N-(2-hidroxyetil)-piperazine-N'-(2-ethanosulfonic acid -HEPES (2.38 g/l) in a 5% CO 2 humid atmosphere. Wild type CHO and sialic acid deficient Lec-2 cells (Deutscher et al. 1984) kindly provided by Sergio Schenkman from the Cell Biology division of our Department, and originally obtained from ATCC, American Type Culture Collection, were cultivated in α-MEM with ribonucleosides and ribonucleotides (GIBCO) supplemented with 5% FCS in a humid atmosphere with 5% CO 2 at 36.5ºC.
Extracellular amastigotes [of the G strain (Yoshida 1983) , sylvatic phylogenetic type 1 strain (Souto et al. 1996) ] were obtained from the differentiation of cellderived trypomastigotes isolated from infected Vero cells in LIT medium (Mortara 1991) . Briefly cell-culture derived trypomastigotes are harvested from culture medium and resuspended in LIT medium at 37ºC for 48 h (Mortara 1991) . Henceforth these forms will be referred as amastigotes. Metacyclic trypomastigotes were obtained from the axenic differentiation of epimastigotes grown in LIT (liver infusion tryptose) medium containing 10% FCS and 0.2% glucose at 28ºC and purified by ionic exchange chromatography (Yoshida 1983) .
Cell invasion assays -Semi-confluent cells were infected with metacyclic trypomastigotes or extracellular amastigotes in a 10:1 (parasite:cell) ratio. Excess medium was aspirated and metacyclic trypomastigotes or extracellular amastigotes suspended in complete medium, with or without drugs, were added. Cells were immediately centrifuged at 2300 g for 20 min at 37ºC. After centrifugation, unattached parasites were removed by washing the coverslips three times with RPMI without serum and seven times with sodium phosphate-buffered saline pH 7.2 (PBS), both at 37ºC. Coverslips were fixed in 2% glutaraldehyde (Sigma, EM grade) in 0.1 M sodium phosphate buffer pH 7.0 for 1.5 h at room temperature. After three washings in PBS, coverslips were incubated with 0.138 M ethanolamine, pH 8.3 for 30 min at room temperature to quench excess aldehyde groups, washed with PBS, and soaked in PBS containing 0.25% gelatin and 0.05 M NaN 3 (PGN) (Procópio et al. 1998) .
After immunofluorescence incubations (described below) the invasion index was calculated according to the formula: number of parasites inside cells/ number cells infected x % of infected cells, counting 100 cells in triplicate coverslips (Procópio et al. 1998) .
Antibodies and immunofluorescence labeling -For invasion assay quantitations, cells fixed in 2% glutaraldehyde were incubated with monoclonal antibodies (ascitic fluids diluted 1:40 in PGN): mAb 1G7 against the 90 kDa metacyclic trypomastigote glycoprotein (Teixeira & Yoshida 1986 ) or mAb 1D9, reactive against the Ssp-4 glycoprotein of amastigotes (Barros et al. 1997) . After 1 h the coverlisps were washed 3 times with PBS and incubated 1 h with anti-mouse IgG-FITC conjugated (Sigma) diluted 1:50 in PGN and 10 µM DAPI (4',6-diamidino-2-phenylindole dihydrochloride, Molecular Probes, Eugene, Oregon, US). Using this methodology only parasites outside cells are labeled with antibodies and all parasites are visible after DAPI staining. Invasion index was calculated as described above. For conventional immunofluorescence infected cells were fixed with 3.5% formaldehyde, washed and then permeabilized with PGN solution containing 0.1% saponin (Barros et al. 1997 ). All statistical calculations describe here were done with SigmaStat (Version 1.0, Jandel Scientific), using the T-test for significance and standard deviations for paired data sets.
Determination of parasites within parasitophorous vacuoles -Coverslips fixed and processed for conventional immunofluorescence were incubated with anti LAMP-1 antibodies (clone H4A4 anti-human LAMP-1, and clone UH3, anti-hamster LAMP-1, both developed in mouse, supernatants from DSHB, Development Studies Hybridoma Bank, Iowa, US) for 1 h and finally incubated 1 h with anti-mouse IgG conjugated to Cy3 (Sigma) diluted 1:50 in PGN and 10 µM DAPI. Parasites within parasitophorous vacuoles appeared labeled with anti-LAMP-1 antibodies (Hall et al. 1992) . The kinetic parameters analyzed here were the half-life times for formation and escape as well as the mean time of residence within the parasitophorous vacuole, described in Fig. 1 . Invasion and kinetic experiments using triplicate coverslips were performed at least three times.
Hemolysin and transialidase assays -Hemolysin (TcTOX) activity was determined as described by Andrews and Whitlow (1989) , with minor modifications. Briefly, freshly collected female albino mouse erythrocytes were washed three times with isotonic PBS/ 0.1% gelatin, 0.15% CaCl 2 and 1mM MgCl 2 . Isolated amastigotes, Y strain tissue-culture derived (positive controls) and G strain metacyclic trypomastigotes (10 8 / ml) were transferred to 10 mM sodium acetate buffer, pH 5.5, 0.15 M NaCl, containing 1% glucose and the erythrocytes (10 7 /ml). Maximum hemolytic values were obtained by treating the erythrocytes with 0.1% saponin. Released hemoglobin was measured at 540 nm in a Labsystems Multiskan MS (Finland) ELISA reader, in duplicate samples collected at 3, 6, and 10 h. Transialidase activity with purified parasites was assayed as described (Schenkman et al. 1994) . Briefly, the enzymatic transference of sialic acid to 14 [C]-lactose generated 14 [C]-sialyl-lactose that was captured in QAE-Sephadex A-25 columns, and we used Y strain tissue culture derived trypomastigotes as positive controls (Schenkman et al. 1994) . These independent determinations were carried out at least three times.
Interference with cytosolic pH and calcium concentrations -In order to raise cytoplasmic pH, cells were exposed for 1 h at 36.5°C, to culture medium containing 100 µM chloroquine. Alternatively, cells were treated for 30 min with calcium ionophore A23187 or endoplasmic reticulum Ca 2+ ATPase inhibitor thapsigargin (Sigma) that were used at final concentrations of 10 µM and 1 µM (in complete culture medium), respectively. Cells were then washed 3 times with PBS and complete medium containing the parasites was added to the flasks.
RESULTS
Formation and escape from parasitophorous vacuole by T. cruzi infective forms. Role of cytoplasmic pH -By using the centrifugation protocol developed in our laboratory, it was possible to induce a large population of parasites to rapidly associate to the target cells. Parasites were centrifuged onto the host cells, unattached parasites aspirated and the kinetics of parasitophorous vacuole formation started by monitoring the appearance of parasites labeled with anti-LAMP-1 (Fig. 1) antibodies. During a 24 h period, it was possible to distinguish at least 3 phases in the process: an initial stage of increasing numbers of labeled parasites, probably reflecting the internalization of adhered parasites; then the number of intravacuolar parasites stabilized for a period of time and then began to decrease until no labeled parasites could be detected (Fig. 2A) . We will refer to these phases as parasitophorous vacuole formation, mean time of residence and escape, respectively (see Fig. 2A ). Simple kinetic parameters describing the three phases were determined for both metacyclic trypomastigotes and amastigotes, in Vero and HeLa cells (Table) . For the formation and escape steps, we determined the half-life of each step (T 1/2 f and T 1/2 e, for formation and escape, respectively). Since our determinations were performed on an hourly basis, we have arbitrarily assigned this value (Fig. 2B) and amastigotes (Fig. 2C) shown in the Table, indicate that there were no significant differences between the two forms with either target cell. Although no significant difference in the kinetics of formation between the two target cells or infective forms were observed, we consistently found that amastigotes tended to escape faster from the parasitophorous vacuole since after 12 h, more than 90% of the amastigotes were already free in the cytoplasm, whereas at this time 20-30% of the metacyclic forms were still labeled for anti-LAMP-1 antibodies ( Fig. 2A, B) . The mean time of residence within the parasitophorous vacuole was usually shorter for metacyclic forms when compared to amastigotes, regardless of the target cell used. The escape phase was comparable between the two infective forms and there were no major differences between the two target cells. When the cytoplasmic pH of Vero cells was raised with chloroquine the time of residence of metacyclic trypomastigotes increased from 4 to about 10 h, whereas no effect on the kinetics of amastigotes was observed (Fig. 2B, C and Table) . Interestingly, the kinetics of vacuolar escape T 1/2 e by either infective form was not affected by raising cytoplasmic pH (Table) . Chloroquine treatment only inhibited the invasion of metacyclic trypomastigotes (Fig. 3) .
Role of host cell sialic acid on parasite invasion and vacuole escape -We used CHO mutant Lec-2 cells that are deficient in sialic acid in order to examine the role of host cell sialic acid on parasite invasion and escape from the parasitophorous vacuole. The susceptibility to invasion of Lec-2 cells by both T. cruzi infective forms was essentially the same as that of the parental CHO line (Fig. 4 A, B) . We then examined the escape by the two forms by counting parasites inside the parasitophorous vacuole after 3 and 6 h post-infection and verified an efficient escape from the parasitophorous vacuoles of both forms in Lec-2 cells indicated by a significant loss of labeling with anti-LAMP1 (Fig. 4 C, D) .
Transialidase and hemolysin activities of metacyclic trypomastigotes and amastigotes -The transialidase activity of isolated parasites was negligible for both forms when compared to positive controls Y strain tissue culture trypomastigotes (data not shown). When we assayed isolated parasites for hemolytic (TcTOX) activity, we could only detect hemolysis by amastigotes that after 12 h caused the rupture of 90% red blood cells. By contrast, no lytic activity could be detected in metacyclic trypomastigotes (not shown).
Interference with host calcium only affects metacyclic trypomastigote invasion -Compounds that interfere with host cell Ca 2+ mobilization may interfere with parasite invasion and we have confirmed these observations by using thapsigargin and calcium ionophore A23187. Inhibition of endoplasmic reticulum calcium ATPase by thapsigargin inhibited both Vero (Fig. 5A) and HeLa (not shown) cell invasion by metacyclic trypomastigote. Less pronounced inhibitory effect was obtained with A23187 ( Fig. 5A ). Host cell invasion by amastigotes was not affected by either compound (Fig. 5B) .
DISCUSSION
We have shown here that different infective forms of T. cruzi exhibit distinct behavior throughout the process of cell invasion, parasitophorous vacuole formation and escape. Even though chloroquine inhibited metacyclic trypomastigote invasion (Fig. 3) , the overall effect of raising cytoplasmic pH was not detectable in the kinetics of vacuole formation (Fig. 2) but dramatically affected their escape, increasing the mean residence by at least a factor of two, whereas not affecting the parameters of amastigote transit, suggesting that the mechanisms engaged for parasitophorous membrane disruption is stage-specific. Of the two known components involved, hemolysin and transialidase, (Andrews & Whitlow 1989 , Hall et al. 1992 ) only hemolysin activity could be detected in amastigotes whereas in metacyclic trypomastigotes none of the activities could be detected. a: T 1/2 formation: half-life for parasitophorous vacuole formation. As indicated in the text, a mean error of ± 1 h is assumed for each determination; b: mean time of residence; c: T 1/2 escape: half-life for parasitophorous escape Whereas hemolysin activity has been shown to be pH sensitive and hence inhabitable by pH elevation (Ley et al. 1990) this activity is apparently lacking in metacyclics of the G as well as of CL (Andreoli & Mortara 2003) strains. Unexpectedly, amastigotes of the G strain (this study) as well as of the Y strain (Ley et al. 1990 ) that express pH sensitive hemolysin are not affected by raising the cytoplasmic pH of the target cell (Fig. 2) . These apparently contradictory findings thus suggest that other unknown mechanisms might either operate or be induced once the parasites are trapped within the parasitophorous vacuole. Among other factors, the tightness of this compartment might be a relevant one (Lopez et al. 2002) . The kinetics of metacyclic trypomastigote escape from the parasitophorous vacuole ( Fig. 2A, B ) also suggests that there may be two distinct populations of parasites: a relatively fast escaping group that leaves the vacuole from 7 to 8 h and another set that remains in the vacuole for more that 5 h slowly leaving the vacuole between 12 to 15 h post invasion.
Although the presence of sialic acid on host cell glycoproteins appears to enhance trypomastigote invasion (Schenkman et al. 1993 ) and may also protect the parasitophorous membrane from the action of the above mentioned required factors for parasite escape (Hall et al. 1992) , the invasion step by the two infective forms does not seem to be affected by host cell sialic acid (Fig.  4) . This observation contrasts to the observation that Y (a type II strain) tissue-culture derived trypomastigotes appear to preferentially invade sialylated target cells (Schenkman et al. 1993) . However, in salic acid deficient Lec-2 cells, the escape of both infective forms studied here is facilitated by sialic acid deficiency (Fig. 4) , as previously described for Y strain tissue-culture derived trypomastigotes (Hall et al. 1992) . Taken together, these findings reinforce the notion that there may be yet unknown mechanisms involved in the escape of these infective forms, particularly of metacyclic trypomastigotes, into the cytoplasm. It has recently been shown that T. cruzi exists as at least two distinct phylogenetic lineages in nature (Souto et al. 1996) . The G strain used in this study belongs to the sylvatic type I and it has recently been show that invasion mechanisms of metacyclic trypomastigotes of the two lineages are highly divergent (Neira et al. 2002) . We have confirmed here that the requirement for host cell calcium mobilization is also dependent on the infective form since the invasion of Vero cells by amastigotes, in contrast to metacyclic trypomastigotes, is not affected by agents that modify host cell free calcium concentration (Fig. 5) . We are currently undertaking studies to comprehensively compare the invasion and escape mechanisms used by infective forms of the two phylogenetic lineages.
In conclusion, we have shown that two distinct infective forms of the parasite display distinct behavior that probably reflect the engagement of specific mechanisms in the process of host cell invasion and parasitophorous vacuole escape. Fig. 5 : drugs that affect host cell free calcium concentration only inhibit metacyclic trypomastigote invasion. Vero cells were incubated for 30 min with 10mM calcium ionophore A23187 or 1 mM thapsigargin (TPS), and subjected to invasion by metacyclic trypomastigotes (A) or amastigotes (B). Bars denote mean three experiments with standard deviations and *indicates p ≤ 0.05 relative to the controls. C is the control for A, and in B, C1 and C2 are the controls carried out for each drug.
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